Semiconductor nanowires (NWs) are promising for realizing various on-chip nonlinear optical devices, due to their nanoscale lateral confinement and strong light-matter interaction. However, high-intensity pulsed pump lasers are typically needed to exploit their optical nonlinearity because light couples poorly with nanometric-size wires. Here, we demonstrate microwatts continuous-wave light pumped second harmonic generation (SHG) in AlGaAs NWs by integrating them with silicon planar photonic crystal cavities. Light-NW coupling is enhanced effectively by the extremely localized cavity mode at the subwavelength scale. Strong SHG is obtained even with a continuous-wave laser 1 arXiv:1808.04654v1 [physics.optics] 14 Aug 2018 excitation with a pump power down to ∼3 µW, and the cavity-enhancement factor is estimated around 150. Additionally, in the integrated device, the NW's SHG is more than two-order of magnitude stronger than third harmonic generations in the silicon slab, though the NW only couple s with less than 1% of the cavity mode. This significantly reduced power-requirement of NW's nonlinear frequency conversion would promote NW-based building blocks for nonlinear optics, specially in chip-integrated coherent light sources, entangled photon-pairs and signal processing devices.
Introduction
Semiconductor nanowires (NWs) represent nanoscale building blocks for photonic and optoelectronic devices, including low-threshold lasers, 1 high-performance photodetectors, 2,3 and passive waveguides. 4 Besides these attributes and functions endowed by quantum-confined carrier dynamics, semiconductor NWs with no inversion symmetry also possess attractive second-order optical nonlinearities, such as ZnO, 5 ZnTe, 6 ZnSe, 7 ZnS, 8 CdS, 9 CdTe, 10 GaAs, 11 GaN, 12 etc. Benefited from their nanoscale diameters and high refractive indices, semiconductor NWs have higher nonlinear coefficient χ (2) than their bulk counterpart for the effect of Lorentz local field. 13, 14 Further, their mechanical flexibility allows effective modulations of the tensor of χ (2) by external bending and/or twisting strains. 15 Because of NWs' high surface area to volume ratios, their χ (2) could be modified as well using surface decoration or doping. 16 NWs' intriguing second-order nonlinearities enable wide implementations of second harmonic generation (SHG) for nanoscale optical correlator, 9 crystallographic mapping , [17] [18] [19] [20] defect identification, 21 and nonlinear optical microscopy.
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However, previous studies involving bare NWs all present substantially low SHG conversion efficiency (∼ 10 −6 ) 8, 18 owing to their intrinsically small cross-section and poor spatial overlap with the light field. It therefore requires ultrahigh excitation power to produce moderately strong SHG in NWs that could be utilized for practical applications. Until now, the reported SHG experiments of NWs were realized using pulsed lasers with high peak pow-ers (∼ 100 W), 8, 18 which limits their device applications, specially for nanoscale coherent light sources and integrated photonic circuits. To improve SHG efficiencies in NWs, hybrid nanostructures consisted of NWs and metal materials were widely exploited to provide localized surface plasmons for light field enhancement. [23] [24] [25] Unfortunately, the large ohmic loss and low coupling efficiency of the plasmonic nanostructures still make it inevitable to pump SHGs with pulsed lasers. Guiding the pump light along a NW could extend light-matter interaction length and has potential to improve SHG efficiency. 26 However, phase matching and efficient waveguide-coupling are still challenging in the nanoscale footprint.
Here, we demonstrate that the SHG from an AlGaAs NW could be significantly enhanced with a planar photonic crystal (PPC) cavity. As one of the optical cavities with the highest Q/V mode factor, resonant modes in PPC cavities have extremely high density of photons, which have been practically employed to realize strong photon-atom coupling and nearthresholdless lasers. 27, 28 Here, Q and V mode are quality factor and mode volume of the cavity mode. In PPC cavities, the modes' transverse confinements are provided by the photonic bandgap of the periodic air-holes, allowing for the design of nanoscale cavities with high Q factors. NWs could therefore effectively overlap with cavity's nanoscale mode. In the vertical direction, the modes are confined by the total internal reflection of the subwavelength thick silicon slab, presenting strong evanescent fields at the slab surface to couple with the integrated NW. Combining with cavity's high density of electrical field and its effective mode-coupling with NWs, the NW-PPC cavity presents a reliable configuration to enhance light-matter interactions in NW. For instance, the first NW laser at the telecom wavelength was realized by integrating an InP NW onto a silicon PPC cavity. 29 In this letter, continuouswave (CW) light pumped SHG in NWs is reported, which is assisted by sufficient light-matter interactions in NW-PPC cavities. The excitation power is remarkably reduced down to a level of few microwatts. The cavity-enhancement factors are estimated around 150.
Device fabrication Figure 1 (a) schematically displays the precise alignment of a NW with a PPC cavity as well as the operation of cavity-enhanced SHG. The PPC cavities are fabricated in a silicon-oninsulator wafer with a 220 nm thick top silicon layer. The PPC patterns are defined using electron beam lithography, which are then transferred into the top silicon layer with the inductively coupled plasma dry etching. To ensure good vertical confinements of the modes, the formed PPC patterns are air-suspended by undercutting the buried oxide layer. The PPC patterns are designed in a hexagonal lattice of air-holes with the lattice constant and radius of 450 nm and 110 nm, respectively. To introduce a defect in the PPC to form the cavity, the central four air-holes are shifted outwards. 30 This point-shifted PPC cavity has an ultrasmall V mode . Parts of air-holes surrounded the cavity defect are shrunk to shape an asymmetric mode distribution for high vertical coupling efficiency.
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The adopted AlGaAs NW was grown on a silicon substrate in a horizontal flow atmospheric pressure metalorganic vapor phase epitaxy system. The growth details and characterizations of dimensions and crystallinity of NWs are discussed in the Supporting Information.
In our experiment, a single NW is picked up from the vertically grown NW cluster and dropped onto the PPC region using a tungsten probe with the help of a high-resolution motorized stage. The effective coupling between the NW and cavity mode requires the NW to be placed on the cavity-area precisely, where the resonant mode locates. To realize that, an atomic force microscope (AFM) assisted transfer technique is exploited. We first examine the relative position of the NW to the cavity-area and then pull the NW accordingly to the cavity-area using the AFM probe, as indicated in Fig. 1(a) . 
Results and discussions
We characterize the resonant mode and SHG of the NW-PPC cavity using a vertically coupled cross-polarization microscope (see Supporting Information). decreases from 3,500 to 2,800 after the NW integration. This slightly decreased Q factor will not substantially degrade the cavity-enhanced SHG by considering that the intracavity electrical field is proportional to the Q/V mode factor.
To pump the cavity-enhanced SHG from the NW-PPC cavity, we tune the laser wave-length as 1564.2 nm to resonantly excite the cavity mode. The frequency-upconversion signal is obtained by filtering out the pump laser with a short-pass dichroic mirror (see Supporting Information). Figure 1 (d) displays an acquired spectrum with a 2.3 mW pump power focused on the NW-PPC cavity. A strong peak is observed at the wavelength of 782.1 nm, corresponding to the half-wavelength of the pump laser. To verify that this peak originates from the second harmonic (SH) process, we examine its intensity dependence on the pump power, as shown in Fig. 2(a) . The pump power focused on the device is decreased from 2.3 mW to 0.05 mW. The experimentally measured SH intensities are fitted well by a quadratic function of the pump power, a typical characteristic of SHG.
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In the obtained frequency-upconversion spectrum, there is another weak peak at 521.4
nm, as shown in the zoomed plot of Fig By resonantly pumping the cavity mode with a laser at 1544.2 nm, only a weak THG peak is obtained, which could be attributed to silicon's intrinsic third-order nonlinearity. By comparing the THG signals obtained from the bare PPC cavity and NW-PPC cavity, their intensities are similar, which indicates that the THG peak of the NW-PPC cavity mainly comes from the silicon slab. There is no observable SHG from the bare silicon cavity due to silicon's inversion symmetry. Even if the inversion symmetry is broken at the silicon surface, the induced SHG should be two orders of magnitude weaker than the THG. 34 Hence, the obtained strong SHG from the NW-PPC cavity mainly arises from the strong second-order nonlinearity of the AlGaAs NW. Calculated from the simulated resonant mode distribution of the NW-PPC cavity, the light power located in the NW is only around 0.87% of that in the bulk silicon slab. Considering that AlGaAs and silicon have comparable third-order nonlinear coefficient, the THG from the AlGaAs NW has almost no contribution to the obtained THG. However, the SHG from the AlGaAs NW is remarkably strong, which could be considered as a new route to low-power nonlinear optical processes in silicon photonic devices.
While the light power in the NW is no more than 1% of that in the cavity mode, the generated SH signal is efficient enough. For instance, the SHG could be measured reliably even with a 50 µW CW laser power focused on the device ( Fig. 2(a) ). And only 6% of the CW pump light could be coupled into the cavity mode with the employed objective lens, 31, 32 i.e., the effective pump power is only ∼3 µW. In the previously reported NW SHG results, pulsed light sources with a peak power around 100 W were typically used. 8, 18 The low-power CW pumped SHG demonstrated here could be attributed to the strong cavity-enhancement.
To verify that, we tune the CW laser wavelength across the resonant wavelength (at 1564. by a Lorentzian function f Lorentzian , as indicated in Fig. 1(c) . In the SH process, the SHG intensity typically varies as the square of the input power of the fundamental wave. 33 Hence, the obtained SH spectrum should be determined by the squared Lorentzian function, as indicated by the fitting curve (f Lorentzian ) 2 in Fig. 2(b) .
The cavity-enhancement is further illustrated by implementing a SHG spatial mapping.
The device is mounted on a two-dimensional piezo-actuated stage with a moving step of 0.1 µm, and the generated SH signals are monitored using a visible photomultiplier tube (PMT). respectively. Pumped by the cavity mode, the detected SH signals originate from the SH polarization generated in the NW. Hence, the SHG spatial profile should be determined by the overlapped dimension between the NW and the cavity mode, as indicated by the zoomed distribution of the resonant mode shown in Fig. 2(d) . Considering that the NW aligns along the cavity's x-axis, the measured SHG profile in this direction is determined by the width of the cavity mode. Along the y-direction, SH signal radiates from SH dipoles distributing over a 133 nm scale. However, the employed microscope setup can only provide a spatial resolution of 1.8 µm (see Supporting Information), which limits the distinguishable SH profile along y-direction.
Determined by crystal structure and χ (2) tensor, the SHG in AlGaAs NWs exhibits varied strengths when the pump laser polarizes along different directions. 36,37 Figure 2 (e) displays the measured NW's SH intensities pumped with varied polarization directions, where θ is the angle between the laser polarization and x-axis of the PPC cavity. These SHG polarizationdependences are studied using different pump lasers, including the on-resonance CW laser
and an off-resonance pulsed laser (a picosecond pulsed laser at 1560 nm with a repetition rate of 18.5 MHz and a pulse width of 8.8 ps). Such a picosecond laser pump configurations were widely exploited in previously reported works. 36, 37 The obtained result with the offresonance pulsed pump is fitted by a function of cos 4 (θ + 0.27 • ), which is coincident with the polarization-dependence determined by AlGaAs NW's χ (2) tensor. 36, 37 When the laser polarization is perpendicular to NW's longitudinal axis, the SH intensity approaches to zero.
Pumped by the on-resonance CW laser (at 1564.2 nm), the SHG polarization-dependence has a ∼ 90
• difference from that obtained with the pulsed laser, as shown in the red dots of Fig. 2(e) . It could be attributed to the cavity-enhanced interaction between the NW and cavity's near-field. When the on-resonance CW laser is focused on the NW-PPC cavity, part of the focused light will couple into the cavity mode to excite a resonantly localized near-field around the NW, which is strong enough to pump NW's SHG. The electrical field distribution of the resonant mode is only determined by the physical structure of the NW-PPC cavity. Hence, the coupling between the mode field and NW's nonlinear coefficient tensor χ (2) would not be modified by the laser polarization. However, for the on-resonance CW laser with different polarizations, the coupling efficiencies into the resonant mode are changed significantly, 31 which gives rise to varied strengths of the cavity mode for generating different SH intensities. Determined by the far-field radiation pattern of the employed resonant mode, only the on-resonance laser polarized along the y-axis could strongly couple with it. Hence, for an incident light with an electrical field of E P , the electrical field coupled into the resonant mode is ηE P sin(θ), where η is the maximum coupling efficiency.
With that, considering the three-wave mixing process, the electrical field to generate SH signal is proportional to (ηE P sin(θ)) 2 , and the SH power has a sin 4 (θ) dependence on the laser polarization direction. Considering the cross-polarization of the experimental setup, the vertically scattered SHG after the HWP is then projected onto the output polarization direction, and the finally collected SHG thus has a function of sin 6 (θ), as indicated by the fitting line shown in Fig. 2 (e). The results shown in Figs. 2(b) and 2(c) indicate the capability of low-power CW pumped SHG from a NW with the significant cavity-enhancement. However, when the laser wavelength is tuned away from the cavity's resonant wavelength (Fig. 2(b) ), or the laser is focused on the NW located outside the cavity-area (Fig. 2(c) ), there is no any detectable SH signals for the weak light-NW interaction. This zero SH signal from the bare NW makes it impossible to do the comparison with the cavity-enhanced SHGs for evaluating the enhancement factor. To estimate this enhancement factor, we further study the pump wavelength and spatial location dependences of NW's SHG by pumping the NW-PPC cavity with a pulsed laser (see Supporting Information), which could yield detectable SH signals from NWs uncoupled with the cavity.
In the measurements, we first focus the pulsed laser over the cavity-area and tune its wavelength across the cavity mode. The pump power is fixed. Figures 3(a) and (b) display the SHG spectra acquired when the pump wavelengths are 1564.2 nm and 1549.5 nm, corresponding to the on-and off-resonance pumps, respectively. With the same integration time, the peak photon numbers recorded by the spectrometer for the two cases are 3722 counts and 25 counts, giving rise to a cavity-enhancement factor of 149. This enhancement is represented further by plotting the peak SH photon numbers obtained with a broad pump wavelength range, as shown in Fig. 3(c) . Similar as that shown in Fig. 2(b) , with the significantly strong SHG pumped at 1564.2 nm, the wavelength dependence is well fitted by (f Lorentzian ) 2 . Next, by fixing the laser wavelength at 1564.2 nm, we focus the pulsed laser on different locations along the NW. The corresponding peak SH photon numbers are plotted in Fig. 3(d) , where the scanning electron microscope (SEM) image of the device is displayed as well to hint the signal-collection positions. This spatial dependence is consistent with that obtained with the CW pump, showing remarkable SH signal (photon counts of 5000) from the NW located within the cavity-area. When the NW is outside the cavity-area, the pulsed laser pumps the bare NW without cavity-enhancement and yields a SH photon counts only around 35. This result indicates an enhancement factor about 143, which is close to that evaluated from the wavelength-dependent SHG.
Considering NW's one-dimensional structure and cavity-mode's two-dimensional distribution, the cavity-enhanced SHG would be valid for NWs orientating along other directions,
given that the effective coupling between the NW and the resonant mode is maintained. We fabricate another device with a AlGaAs NW parallel to the cavity's y-axis. The AFM and optical microscope images shown in Fig. 4(a) indicate that the NW locates on the cavity center precisely. The measured NW diameter is about 98.8 nm, and the length is estimated as 7 µm. In this device, the integration of NW induces a red-shift of the resonant wavelength by 15 nm and degrades the Q factor from 2,300 to 1,800. From the electromagnetic perturbation theory of cavity mode, 38 this less shifted resonant wavelength indicates weaker light-NW coupling than that achieved in the previous device ( Fig. 1(b) ). Pumped by an on-resonance CW laser with hundreds of microwatts focused on the device, strong SHG is obtained as well.
The cavity-enhancement of this device is verified by tuning the CW laser wavelength across the resonant wavelength, as shown in Fig. 4(b) . The experimental results are fitted very well by the squared Lorentzian lineshape of the fundamental resonance. Figure 4(c) displays the spatial mapping image of the device's SHG, and the inset shows the electrical field distribution of the resonant mode for the NW-PPC cavity around the cavity-area.
Different from that shown in Fig. 2(c) , it has a circular profile with a diameter around 1.8
µm. As mentioned above, the NW is considered as an component of SH emitters with a dimension overlapping with the cavity mode. Hence, the SH radiation along the y-direction has a scale of 1.8 µm determined by the vertical cavity mode distribution. Along the xaxis, the diffraction limit of the microscope gives rise to a 1.8 µm lateral size of the SHG mapping, though the SH emitters only locate in a diameter of 98.8 nm. Figure 4(d) plots the SHG variations with respect to the pump lasers' polarization directions. Pumped by the on-resonance CW laser, the SHG polarization-dependence has a function of sin 6 (θ), which is similar as the result presented in the previous device (Red curve in Fig. 2(e) ). This could be attributed to the near-field enhanced light-NW interaction and polarization-dependent far-field coupling of the cavity mode. For the off-resonance pulsed pump, the measured polarization-dependent SHG is fitted by a function of sin 4 (θ + 0.6 • ), which agrees with the SHG process determined by NW's crystal structure. Also, this result indicates that the NW has a rotating angle of 0.6
• from the y-axis.
Conclusion
In conclusion, we have demonstrated effectively enhanced SHG in NWs by integrating them with silicon PPC cavities. Assisting by the extremely localized resonant mode and NW's high second-order optical nonlinearity, it is possible to realize efficient SHGs with a CW laser, and the pump power could be greatly reduced less than 10 µW. Comparing with SHGs pumped by off-resonance and on-resonance pulsed lasers, the on-resonance pumped SHG is enhanced by factors around 150. In the NW-PPC cavity, NWs' SHG is more than two-orders of magnitude stronger than the THG in the silicon slab, though they only couple with less than 1% of the cavity mode. Semiconductor NWs have been integrated onto photonic chips to serve as waveguides, 39 couplers, 40 switchinges. 41 Here, with the assistance of a silicon PPC cavity, the power requirement of SHG in NWs is reduced significantly. It will promote the NW-based on-chip nonlinear optical processes for coherent light sources, entangled photon-pairs and signal processing. 
Supporting Information

Growth recipes of the AlGaAs nanowires
AlGaAs nanowires (NWs) were synthesized on Si (111) substrates using horizontal flow atmospheric pressure metalorganic vapor phase epitaxy (MOVPE) system. Trimethylaluminum (TMAl), trimethylgallium (TMGa), tertiarybutylarsene (TBAs) were used as precursors.
Hydrogen was used as a carrier gas with the total reactor gas flow rate of 5 sccm. The substrates were first prepared inside an ultrasonic bath by immersing them in acetone and in isopropanol for 2 minutes each, followed by a 2 minutes rinse in deionized water. Gold 
Characterizations of nanowires' crystal structures
To examine the crystal structures of the employed AlGaAs NWs, high-resolution transmission electron microscopy (TEM) measurements were implemented using a FEI Talos 
Experimental arrangements
We experimentally measured the resonant modes and second harmonic generation (SHG)
signal from the NW-PPC cavity using a vertically coupled cross-polarization microscope, 1 as schematically shown in Figure S2 . To couple the excitation laser into the microscope setup, a dichroic mirror was employed to reflect it vertically into the objective lens. This dichroic mirror (DMSP1000, Thorlabs Inc.) is a short-pass one with a cutoff wavelength of 1000 nm.
Light beams with wavelengths longer (shorter) than 1000 nm will be reflected (transmit)
by this dichroic mirror. Hence, if there is any second harmonic (SH) signal existing in the pump laser, it will transmit through the dichroic mirror and will not couple into the objective
lens. An additional visible-range white light source was coupled into the microscope setup by transmitting it through the dichroic mirror, which will illuminate the sample via the objective lens. The reflected withe light from the sample will be collected and recorded by the visible CCD to monitor the position of the NW-PPC cavity. A polarized beam splitter (PBS) was employed in the microscope system to achieve orthogonally polarized excitation laser and collection signal, allowing for distinguishing the reflection of the cavity mode with a high signal to noise ratio. A half wave plate (HWP) was inserted between the PBS and the objective lens to control the direction of laser polarization with respect to the axis of the NW-PPC cavity. The objective lens of the microscope is a near-infrared anti-reflective one with a 50 magnification and a numerical aperture of 0.42. Here, considering the incident pump laser fills the input aperture of the objective lens, the focused beam diameter of the pump laser could be calculated by
where λ is the pump wavelength around 1550 nm, and NA=0.42 is the numerical aperture of the objective lens. The focused pump beam diameter was estimated around 1.8 µm.
To examine the resonant peak of the PPC cavity, a narrowband tunable telecom-band CW laser (Yenista, T100S-HP/CL) was employed as the excitation source. Its reflection signal from the cavity was vertically collected by the objective lens and finally reflected by another short-pass dichroic mirror (DMSP1000, Thorlabs Inc.) into a telecom-band photodiode after passing through the PBS and HWP. By tuning the laser wavelength with a step of 0.005 nm, the cavitys reflection spectra were obtained, as shown in Figure 1(c) of the maintext. The reflected pump laser from the PPC cavity is also collected by the objective lens. After passing through the HWP and PBS, the collected pump laser is reflected by the short-pass dichroic mirror. Hence, the dichroic mirror functions as a filter of the pump laser. However, even the dichroic mirror could filter the pump laser to a ratio of 0.7% (data from the Thorlabs Inc.), the residual pump laser is still much stronger than the SHG signal. Fortunately, both of the visible PMT and the spectrometer with silicon camera will not sense the telecom-band pump laser, which ensures the signals recorded by the PMT and spectrometer are SHG or THG signals.
Finally, to evaluate the cavity enhancement factor over the SHG, the CW pump laser was switched into a pulsed picosecond laser (PriTel FFL-20MHz), whose wavelength could be tuned between 1530 and 1570 nm. The pulsed laser was also tuned across the resonant mode of the NW-PPC cavity. Here, because of the high peak intensity of the pulsed laser, even the wavelength of the pulsed laser is off-resonance from the resonant mode of the NW-PPC cavity, there is still detectable SHG from the NW. Hence, by pumping the NW-PPC cavity with the pulsed laser at different wavelengths, the enhancement factor could be extracted by comparing the NWs SHG intensities when the pulsed laser was no-resonance and offresonance with the cavity, as shown in Figures 3(a) -(c) of the maintext. In addition, the enhancement factor could be evaluated by comparing the SHGs obtained when the pulsed laser is focused on the NW inside and outside the cavity region, while the wavelength of the pulsed laser is maintained on-resonance with the cavity mode. When the laser is focused on the NW inside the cavity region, its SHG will be enhanced by the cavity mode significantly.
For the NW outside the cavity region, the focused laser will only pump on the bare NW, and the SHG signal would be very small due to the weak light-NW interaction. As shown in 4. Reference 
